The removal of NO x from diesel exhausts is being investigated using a variety of repetitively pulsed plasma sources. Soot particles influence NO x densities in the gas phase of these devices through heterogeneous reactions on the soot surface. In repetitively pulsed devices, such as dielectric barrier discharges, the starting gas composition of any given pulse depends on the homogeneous and heterogeneous chemistry occurring during previous pulses. In this regard, we have computationally investigated the consequences of repetitive discharge pulses and heterogeneous chemistry on remediation of NO x and soot oxidation. In the absence of soot, a series of discharge pulses results in increased conversion of NO to NO 2 compared to depositing the same energy in a single discharge pulse. With soot, single pulses result in an initial gas phase oxidation of NO to NO 2 , followed by heterogeneous conversion of NO 2 to NO on the soot. With multiple pulses and soot, due to the larger gas phase density of NO 2 , there is an increased flux of NO 2 to the soot surface, resulting in increased soot oxidation and larger rates of heterogeneous conversion of NO 2 to NO. With both single and multiple discharge pulse formats, the proportion of NO x removed, both in the presence and absence of soot, is about the same. The composition of the NO x depends on the soot. With 10 7 cm −3 of 40 nm soot particles, the final NO x was primarily NO 2 , whereas, with 10 9 cm −3 of 200 nm soot particles, the NO x was mainly NO.
Introduction
Plasma remediation is being investigated for the removal of nitrogen oxides (nitric oxide (NO) and nitrogen dioxide (NO 2 ), together referred to as NO x ) from automotive exhausts and diesel emissions in particular [1] [2] [3] [4] [5] [6] [7] . Incomplete burning of fuel and high temperatures during combustion (for higher fuel efficiency) result in unburnt hydrocarbons (UHCs) and soot particles in these exhausts. In the presence of UHCs, plasma remediation of NO primarily results in the oxidation of NO to NO 2 [2, 8, 9] . Catalytic converters downstream of the 3 Author to whom correspondence should be addressed. plasma reactor have been investigated for reducing the plasma generated NO 2 to N 2 and O 2 [9] [10] [11] . Soot particles play a significant role in tropospheric NO x chemistry [12] and hence have been investigated to determine their effects on the plasma remediation of NO x [13, 14] .
A number of experimental and modelling investigations have addressed the discharge phenomena and reaction kinetics during the plasma remediation NO x using dielectric barrier discharges (DBDs) [1, 2, 6, [15] [16] [17] . Due to the uncertainty in composition of diesel exhausts resulting from the inherent variation in the composition of diesel fuels, model gases are often used as surrogates. A typical model gas composition is N 2 /O 2 /H 2 O/CO 2 = 79/8/6/7 with hundreds of parts per million (ppm) of NO, CO, H 2 and UHCs. N 2 and O 2 are from the excess air used for combustion whereas H 2 O and CO 2 are products of combustion. Investigations using ethene (C 2 H 4 ) [2] as a model UHC showed that for an energy deposition of 25 J l −1 the W -value (energy required to remove one molecule) for NO improved from 60 eV without ethene to 10 eV with 2000 ppmv of C 2 H 4 . Although 100% NO removal was achieved, most of it was converted to NO 2 . Using propene (C 3 H 6 ) and propane (C 3 H 8 ) [8] as model UHCs, the NO x removal at 56 J l −1 increased from 12% without propene to 32% with 175 ppm C 3 H 6 . The primary products were HNO 3 , HNO 2 , organic nitrates and nitrites. In experimental studies with 100 ppm C 3 H 6 and 500 ppm NO in a N 2 /O 2 = 90/10 mixture at 300˚C, Penetrante et al [9] observed nearly 100% NO removal at 50 J l −1 . Without C 3 H 6 , less than 10% of the NO was removed. Experiments on plasma soot oxidation performed by Thomas et al [13] using real diesel exhausts showed that as high as 1.2 J µg −1 might be required for the removal of soot particles. In studies on soot removal by Müller et al [18, 19] , a DBD reactor coupled with a particle filter (to increase the residence time of soot particles) was used to decompose soot particles in real diesel exhausts. More than 95% of the soot was removed, with the primary decomposition products being CO and CO 2 . They observed that the oxidation of soot to CO occurred mainly in the presence of NO 2 , demonstrating the importance of NO 2 in the mechanism for soot oxidation.
In all of the above studies, the primary NO remediation product was NO 2 and so there was little change in the net NO x . However, plasma remediation is still considered a viable technology since there are efficient catalytic converters for the subsequent remediation of NO 2 . For example, Balmer et al [11] observed as high as 70% NO x remediation at 50 J l −1 in simulated exhausts when using a plasma reactor coupled with a proprietary catalyst. When the plasma reactor alone was used, the NO x removal was less than 20%. In a strict sense, only the conversion of NO to N 2 should be considered as remediation as the products of NO x remediation such as HNO 2 , HNO 3 , organic nitrates and nitrites, when released to the atmosphere, can photolytically degrade to regenerate NO and NO 2 [20] . Nevertheless, when we refer to remediation or removal here, it is only for the conversion of NO x to other compounds.
In an earlier investigation, we showed that NO x removal increased by nearly 10% in the presence of 100 nm diameter soot particles having a density of 10 8 cm −3 [14] . We also showed that repetitively pulsed discharges are more efficient for NO x remediation compared to depositing the same energy in a single pulse [21] . For example, the W -value for NO x remediation decreased from 240 eV for a single pulse (58 J l −1 ) to 185 eV when the same energy was distributed over 20 pulses. The interaction of products of previous pulses with the species during the current pulse allowed for a different chemistry in the repetitively pulsed case which ultimately improved remediation.
In this paper, we report on a computational investigation of the combined effects of repetitive discharge pulses and soot on NO x remediation and soot oxidation. Using a pseudohomogeneous global kinetics model, the consequences of varying energy deposition, inlet UHC concentration, soot diameter, and soot particle number density on NO x remediation and soot oxidation are parametrized for cases when using a single discharge pulse and when using multiple pulses. We found that, for a given energy deposition, NO x remediation improved when using multiple pulses in the presence of soot compared to single pulse processing with or without soot, or repetitive pulse processing without soot. Due to there being larger NO 2 densities when using multiple pulses, there is also more soot oxidation. With single pulses, the exit composition of NO x was primarily NO, whereas when using multiple pulses, the exit composition of NO x was mainly NO 2 . The soot particle number density and diameter significantly influence the exit composition of NO x but have a negligible effect on the total NO x density. The model used for this study, GLOBAL KIN, is described in section 2. Results for repetitively pulsed plasma processing of NO x and oxidation of soot are discussed in section 3. Concluding remarks are in section 4.
Description of the model
The model used for this investigation has been previously described in detail [14] and hence will only be briefly described here. GLOBAL KIN is a homogeneous gas phase plasma chemistry simulator. The model DBD plasma reactor is analogous to a well-mixed batch or plug flow system sustained between two dielectric slabs backed by metal plates. Typically, tens of kilovolts across the electrodes are required to produce a discharge in the exhaust contained in a gap of a few millimetres.
To account for reactions at the soot surface and transport of gas phase species to the soot, a quasi-homogeneous gas phase model is used (see figure 1) . With soot particles having diameter d s , species in bulk plasma diffuse to the soot surface through a boundary layer of thickness δ. The algorithms for species transport and heterogeneous chemistry on the soot surface, discussed in detail in [14] , take advantage of the fact that the boundary layer thickness is approximately equal to the radius of the soot particle for typical plasma processing conditions. Figure 1 . Quasi-homogeneous model for soot oxidation. The region surrounding the soot particle of diameter d s is divided into two zones: a homogeneous bulk plasma region and a diffusion boundary layer having thickness δ. Species in the bulk plasma diffuse through the boundary layer to react at the soot surface. Desorbed products from the soot diffuse back into the bulk plasma thereby modifying the bulk composition. The soot is composed of spherules having diameter d sp and has an overall fractal dimension of 2.8. For the conditions typical of diesel exhausts, d s = 100 nm, δ = 50 nm, d sp = 20 nm.
Ordinary differential equations (ODEs) for the time rate of change of gas phase and soot-surface species densities are constructed based on a user-defined reaction mechanism. Electron impact reaction rate coefficients are obtained by solving Boltzmann's equation for the electron energy distribution using a two-term spherical harmonic expansion [22] . The resulting reaction rate constants are then tabulated as a function of average electron energy and interpolated during the execution of the model. The ODEs for species densities and circuit parameters are then integrated in time using a variable coefficient ODE solver [23] .
The soot modelled in this study is composed of carbon and hydrogen. The soot specific surface area was determined based on experiments reporting that the particles are composed of approximately 20 nm spherules having a fractal structure [24] . A fractal dimension of 2.8 was used [25] . Further details on the soot structure and properties are in [14] .
The reaction set used in this study includes electron impact reactions with the background gases producing ions, electrons, and free radicals; gas phase heavy particle reactions; and reactions of gas phase species with the soot. The reaction mechanism contained 88 gas phase species and 350 reactions. Since the gas phase reaction mechanism for NO x remediation with UHCs has been discussed previously [21] , only those reactions particularly germane to this study will be addressed.
Adsorption kinetics on the soot surface are described by a sticking probability γ i , which depends on the surface coverage. Employing a standard surface site balance model, γ i = γ i−0 θ/θ 0 , where γ i−0 is the sticking probability for species i when all adsorption sites are empty, θ is the number of sites available for adsorption and θ 0 is the total site density. We used θ 0 = 10 15 cm −2 , similar to that reported for the adsorption sites for NO 2 on soot [26] . The adsorption probabilities of NO 2 , O and OH used in this study are in table 1. Due to uncertainties in the reaction probabilities of NO 2 , we previously performed parametrizations to quantify the sensitivity of NO x remediation to these parameters [14] . Varying γ 0 (NO 2 ) from 10 −4 to 10
resulted in large changes in NO densities (nearly 100% increase with this increase in γ 0 (NO 2 )) while the NO x density remained almost a constant. For this study, γ 0 (NO 2 ) = 0.1 [30] . The rate constant for NO 2 desorption from soot was 10 3 s −1 [26] , a value reported for a soot temperature of 300 K. At higher temperatures, as is our case, desorption is likely to occur at higher frequencies and hence, this value serves as a lower limit. Although O and OH adsorption on soot are included for completeness, their contribution to the overall soot oxidation under normal operating conditions is less than 1%. More than 99% of the soot oxidation occurs by reaction with NO 2 [14] . This is due to the higher frequencies for gas phase consumption of O and OH compared to their heterogeneous consumption. [31] ) which, for a single pulse, corresponds to a discharge voltage of 18 kV. To address repetitively pulsed discharges, 100 Hz here, the model is executed for a series of current pulses and afterglow periods (20 for the 0.2 s residence time). The initial conditions for a discharge pulse are given by the species densities at the end of the previous afterglow. To achieve the same energy deposition with repetitive pulses, the applied voltage is 13 kV. Although there are differences in excitation rates resulting from the different voltages, these differences do not prejudice any comparisons. When varying energy deposition, either the voltage or the permittivity of the dielectric was changed.
Electron density (n e ) and temperature (T e ) are shown in figure 2 for the base case conditions when using single and multiple pulses. The current pulse lasts approximately 145 ns for a single pulse and approximately 165 ns for multiple pulses. The longer current pulse when using repetitive pulses is due to the slower avalanche resulting from the lower applied voltage. Electrons, accelerated by the electric field, collide with the background gases producing positive ions and secondary electrons, dominantly by, e + N 2 → N + 2 + e + e,
e + CO 2 → CO + 2 + e + e.
For a single discharge pulse, the peak electron density is ≈10 13 cm −3 and the peak electron temperature is ≈3 eV. With repetitive pulses, less energy is deposited per pulse and, as a result, the peak electron density is ≈0.03 × 10 13 cm −3 , while the peak electron temperature is ≈3 eV. Since the current pulse is wider (165 ns) with repetitive pulses than with a single pulse (145 ns) the peak n e at high pulse repetition frequency (PRF) is less than 1/20 of the single pulse value. The time dependences of n e and T e for the first and last pulse of the repetitive pulse case do not differ appreciably because the mole fractions of the major background gases do not change significantly.
Although the chemistry of interest is dominantly through free-radical reactions, it is nevertheless instructive to also discuss the ion chemistry. Since the ion chemistry does not significantly differ between single and repetitive pulses due to the shorter timescales for ion reactions (hundreds of nanoseconds), we will discuss the ion chemistry for single pulses.
The initiating reactions for ion chemistry are electron impact ionizations producing N (equations (1)- (4)). Nearly 46% of the N + 2 formed undergoes charge exchange reactions with H 2 O to form H 2 O + ,
where k is the rate coefficient for the reaction. 
H 3 O + is also formed from H 2 O + , 
Electrons are dominantly lost by dissociative attachment to H 2 O (73%), CO 2 (3%) and O 2 (24%) (both dissociative and non-dissociative),
e + CO 2 → O − + CO,
The densities (7) 
The free-radical reactions are initiated by the electron impact dissociation of the background gases producing N, O, OH and H, e + N 2 → N + N + e,
e + H 2 O → OH + H + e,
e + CO 2 → O + CO + e.
The densities of N, O, OH and H as a function of time are shown in figure 4 for a single pulse, and for the first and the last pulse of the multiple pulse case. Recalling that the current pulse is ≈150 ns, the production of these primary radicals is dominantly from electron impact reactions. Reactions with neutral species then determine the disposition of this initial inventory of radicals. N atoms are dominantly consumed by reactions with NO, NO 2 , CO 2 and O 2 ,
where k 298 is the rate constant at 298 K. When using a single pulse, the contribution to N consumption from the reactions with NO, NO 2 , CO 2 and O 2 (equations (24)- (28)) are 89.0%, 0.2%, 5.0% and 3.0%, respectively. With repetitive pulses, the contributions are 63.0%, 14.0%, 14.0% and 8.0%. The higher contribution from NO 2 for N consumption with multiple pulses is a result of an increased overlap in time of the NO 2 and N atom densities. The density of NO, a major consumer of N atoms, decreases during later pulses (explained below). As a result, the N atom densities are sustained for longer periods during the latter pulses compared to the first pulse when using repetitive pulses. With repetitive pulses, the peak O density is ≈10 14 cm
in any given pulse as compared with 2 × 10 15 cm −3 for a single pulse. The peak O atom densities for the first and last of 20 pulses, determined largely by electron impact, are similar because the density of O 2 remains nearly a constant. O atoms are primarily consumed by reactions with C 3 H 6 , NO 2 and O 2 ,
Using single pulses, the contributions of the reactions with C 3 H 6 , NO 2 and O 2 (equations (29)- (34) 
The contributions of reactions of C 3 H 6 , HCHO, NO 2 and NO (equations (35)- (38)) to OH consumption are 66%, 5%, 7% and 4% when using a single pulse. With multiple pulses, the contributions are 72%, 11%, 10% and 4%. OH consumption is more rapid in the last pulse compared to the first due to increased rates of reactions with HCHO and NO 2 which have larger densities during the last pulse.
In the absence of UHCs, the radicals primarily responsible for the oxidation of NO to NO 2 in the gas phase are HO 2 and O 3 . With UHCs, radicals such as CH 3 CH(OH)CH 2 OO and CH 3 CH(OO)CH 2 OH (β-hydroxy alkyl peroxies, in short βHAPs) are produced, which oxidize NO to NO 2 . The reaction mechanism for NO x in the presence of UHCs is shown in figure 5 . The reactions of HO 2 , O 3 and βHAPs with NO produces NO 2 , OH and O 2 . Products [36] . (42) The time dependence of the densities of the βHAPs, HO 2 and O 3 for a single pulse and for the first and the last pulse of the high PRF case are shown in figure 6 . βHAPs are produced by the reaction of O 2 with hydroxy alkyl radicals (produced by the reaction in equation (35)),
and are mainly consumed reactions with NO to form NO 2 and βHA radicals. Further reactions of βHA radicals then result in the formation of HCHO, CH 3 CHO and HO 2 , with their contributions being 2% (equation (49)) and 21% (equation (50) (34)) and is dominantly consumed by reaction with NO forming NO 2 (equation (42)) and by reaction with O 2 (
Due to the larger rate coefficients for reactions of NO with HO 2 and βHAP radicals compared to O 3 , HO 2 and βHAP radicals are more rapidly consumed than ozone. As a consequence, the O 3 density accumulates pulse to pulse, as shown in figure 6 (c).
The densities of NO and NO 2 as a function of time with and without soot for a single pulse are shown in figure 7. Without soot NO is mainly consumed by reactions with βHAP radicals (34%), HO 2 (36%), CH 3 O 2 (3%) and C 2 H 5 O 2 (6%) to produce NO 2 by the reactions in equations (39) (31) and (32)). With soot particles, NO 2 undergoes heterogeneous reactions on their surface to form NO and CO,
resulting in an increase in the NO density at later times. The time dependences of the densities of NO and NO 2 with and without soot for multiple pulses are shown in figure 8(a) . Without soot, most of the NO is converted to NO 2 by reactions with βHAP radicals (42%), HO 2 (44%), O 3 (2%), CH 3 O 2 (5%) and C 2 H 5 O 2 (2%) (equations (39)- (42), (53) and (54)). After the fifth pulse, the density of NO is less than that of NO 2 . Since radicals such as N, O, OH, HO 2 and CH 3 O are produced (equations (20)- (22), (49) and (53)) with every discharge pulse, the rate of reaction of these radicals with NO 2 increases relative to NO whose density decreases with each pulse. Without NO, the source of NO 2 removed and the density of NO 2 decreases with each pulse. The end products of the NO 2 conversion include NO (equations (26), (33) [34] .
With multiple pulses and soot, NO densities are generally higher and NO 2 densities are generally lower than without soot because of the heterogeneous conversion of NO 2 to NO on the soot surface. In any given pulse, there are three distinct phases for the evolution of the NO density as shown in figure 8(b) for the 12th pulse. In the first phase during the current pulse, there is a small and rapid production of NO from NO 2 . In the second phase following the current pulse and lasting approximately 3 ms, the NO density decreases primarily due to gas phase reactions with βHAP radicals and HO 2 (equations (39)- (41)), resulting in conversion to NO 2 . During the third phase, the NO density increases due to its heterogeneous production from the reaction of NO 2 with soot (equations (57) and (58)). For any given pulse, the gas phase consumption of NO is larger than its heterogeneous production, and so the NO density decreases. For pulses later than the fifth, the density of NO 2 is greater than NO. As a result, immediately following the current pulse, there is a rapid decrease in the density of NO 2 and a corresponding increase in the NO density as shown in figures 8(b) and (c). This is due to the conversion of NO 2 to NO by reactions with O and N atoms (equations (26) and (33)) which are produced by electron impact reactions (equations (20) and (21)).
Since the density of NO decreases with every pulse, the rates of reaction of NO with βHAP radicals, O 3 and HO 2 decrease with each pulse. As a result, the rates of consumption of βHAP radicals, O 3 and HO 2 decrease with each pulse and so their densities at the end of a pulse increase with time. These trends are shown in figure 9 .
In our previous work, we showed that the surface densities of O and OH on the soot are at least two orders of magnitude smaller than that of NO 2 and hence do not significantly influence the heterogeneous chemistry [14] .
The time dependencies of the fraction of sites occupied by NO 2 when using single and multiple pulses are shown in figure 10(a) . With a single pulse, most of the adsorbed NO 2 desorbs to NO and CO. However, after a residence time of 0.2 s a significant fraction (15%) of the sites on the soot surface is still occupied by NO 2 . When using multiple pulses, due to the smaller rate of production of NO 2 during any given pulse compared to a single pulse, a smaller fraction of the sites is occupied by NO 2 . However, due to the larger densities of NO 2 at later times when using multiple pulses (see figure 8(a) ), there is an increased flux of NO 2 to the soot. The end result is an increased rate of soot oxidation. The mass fractions of soot remaining as a function of time are shown in figure 10(b) for single and multiple pulses. The initial rates of oxidation are higher with single pulses because of the larger flux of NO 2 to the soot resulting from the initially larger NO 2 densities in the gas phase. At later times, there is a larger flux of NO 2 to the soot with multiple pulses (compare figures 7 and 8(a) ) and, as a result, more soot oxidation occurs. This higher flux results from the conversion of NO to NO 2 by βHAP radicals and HO 2 (equations (39)- (41)). The diameters of the soot particles as a function of time for single and multiple pulses are shown in figure 10(c) . As a result of oxidation, the diameter of the soot particles decreases to approximately 58 nm at the end of 0.2 s with a single pulse while with repetitive pulses, the exit soot diameter is 38 nm.
To investigate the consequences of complete desorption of NO 2 from the soot, the residence time of the gas was increased to 3 s while keeping the energy deposition and the number of pulses a constant. To maintain the 20 pulse format, the repetition rate was decreased to 7 Hz. With a single pulse almost all of the NO 2 desorbs from the surface as shown in figure 11(a) . Due to the smaller production of NO 2 per pulse with multiple pulses, less NO 2 is adsorbed during the early pulses as shown in figure 11(b) . However, due to the larger flux of NO 2 at later times, more soot is ultimately oxidized using multiple pulses. For example, the diameters of the soot as a function of time for the single and repetitive pulse cases (7 Hz) are shown in figure 11(c) . With multiple pulses, the NO 2 densities are sustained for longer times and so almost complete soot oxidation occurs. With single pulses, most of the NO x for times >0.1 s is NO and so less soot oxidation occurs. The soot diameter decreases by only ≈55% for the same energy deposition.
Soot leads to circular chemistry involving interconversion between NO and NO 2 , as shown in figure 12 . In the absence of soot, the conversion of NO to NO 2 occurs by the reaction of NO with HO 2 which produces OH (equation (41)) and by the reactions of NO with βHAP radicals which lead to HO 2 formation (equations (39) , (40) and (45)- (48)). The reaction of OH with C 3 H 6 starts a chain reaction resulting in the formation of βHAP radicals (equations (35) , (43) and (44)). Thus, the reaction of HO 2 with NO leads to the formation of βHAP radicals and that of βHAPs with NO produces HO 2 . The products of the gas phase reactions converting NO to NO 2 are reactants for further NO to NO 2 conversion. With soot, Figure 11 . Soot properties for a residence time of 3 s: (a) site occupancy for a single pulse; (b) site occupancy for multiple pulses; (c) diameter of the soot. Almost all of the adsorbed NO 2 desorbs to produce NO with a single pulse. When using multiple pulses, the soot is almost completely oxidized due to the increased time for desorption between pulses. heterogeneous conversion of NO 2 produces NO and as a result NO densities are sustained for longer periods of time. This leads to increased rates for the conversion of NO to NO 2 in the gas phase and a prolonged production of OH, HO 2 and βHAP radicals.
Due to the larger production of OH with soot more C 3 H 6 is consumed (equation (35)), as shown in figure 13(a) . Soot does not significantly affect C 3 H 6 consumption using single pulses as the heterogeneous conversion of NO 2 to NO occurs on timescales >1 ms by which time most of the radicals required for the conversion of NO to NO 2 have been consumed. As a result, the circular chemistry is less efficient. NO oxidizing radicals (e.g. HO 2 , O 3 and βHAP radicals) are produced during each pulse of the repetitive pulse case and so there is an increased overlap in time of the densities of NO and the oxidizing species. There is also a higher density of NO with soot. The combined effect of multiple pulses and soot is production of more OH (by the circular chemistry) which then results in increased consumption of C 3 H 6 , as shown in figures 13(b) and (c). Due to the more pronounced circular chemistry with soot, more OH production results and so more C 3 H 6 is consumed. There is increased overlap in time of reacting species densities with multiple pulses and so larger C 3 H 6 consumption occurs.
In order to track the large dynamic ranges in densities of radicals over large dynamic ranges in time, the densities have to this point to be expressed in cm −3 . However, it is typical for measures of remediation to be expressed in ppmv (parts per million by volume) or simply ppm for comparison with the emission standards expressed in such units. These units will be used in the following discussion. For the operating conditions of interest (1 atm, 453 K), 1 ppm = 1.62 × 10 13 cm −3 (initial NO density = 260 ppm = 4.2 × 10 15 cm −3 ). Increasing energy deposition with single pulses results in increased NO conversion, as shown in figure 14(a) . (Energy deposition was varied by changing the applied voltage.) At 60 J l −1 , NO densities decrease to approximately 125 ppm resulting in an NO conversion of 52%. This higher rate of NO consumption at larger energy deposition is primarily due to the chain chemistry producing N 2 and HNO 2 by the reactions in equations (24) and (38) . At higher energy deposition, there is also an increased production of O atoms which generates more CH 3 and C 2 H 5 by reactions with C 3 H 6 (equations (31) and (32)). This results in increased formation of CH 3 O and Figure 14 . Remediation parameters as a function of energy deposition: (a) gas phase densities of NO and NO 2 , and fraction of surface sites on soot adsorbed with NO 2 for a single pulse; (b) gas phase densities of NO and NO 2 , and fraction of surface sites on soot adsorbed with NO 2 with multiple pulses; (c) W -value for NO x for single and multiple pulses. Multiple pulses are more efficient for NO x removal due to the increased overlap in time of densities of NO 2 and NO with consuming radical densities. (53) and (54)), which then consume NO by
The exit composition of NO x is primarily NO because of the heterogeneous conversion of NO 2 to NO on the soot (equations (57) and (58)). (37), (59) and (60) [34] .
With increasing energy deposition with repetitive pulses, HO 2 , O 3 and βHAP radicals are produced on every pulse and so the heterogeneously generated NO is more effectively converted to NO 2 . As a result, NO densities decrease more rapidly with energy deposition, as shown in figure 14(b) . The reactions responsible for the decrease in the NO 2 density with energy deposition are similar to those for a single pulse, however the decrease is more pronounced because of the increased overlap in time of NO 2 and OH, CH 3 O, C 2 H 5 O 2 and HO 2 densities following each pulse. The fraction of sites occupied by adsorbed NO 2 is in general larger with multiple pulses due to the larger NO 2 density.
The W -values for NO x with single and multiple pulses are shown in figure 14(c) . In general repetitive pulses are more efficient (lower W -value) compared to single pulses. At the base case energy of 30 J l −1 , the W -value for NO x for a single pulse is 152 eV and for multiple pulses is 120 eV. The increase in efficiency is primarily a result of increased conversion of NO 2 to HNO 3 , CH 3 ONO 2 , C 2 H 5 OONO 2 and HNO 2 . The densities of these nitrogen containing products, shown in figure 15 , are higher for multiple pulses as a result of the increased overlap in time of the densities of NO 2 and the participating radical species (e.g. OH, CH 3 O, C 2 H 5 O 2 and HO 2 ). At 60 J l −1 , approximately 70 ppm of HNO 2 are produced using repetitive pulses whereas only 35 ppm are formed using single pulses. At the same energy deposition, repetitive multiple pulses produce approximately 40 ppm of organic nitrates (C 2 H 5 OONO 2 and CH 3 ONO 2 ) while with single pulses only 10 ppm are produced.
Important hydrocarbon products of C 3 H 6 dissociation include aldehydes such as HCHO and CH 3 CHO. The exit densities of HCHO and CH 3 CHO as a function of energy deposition are shown in figure 15(c) . HCHO and CH 3 CHO are produced from the reactions of the βHA radicals (equations (45)- (48)). More C 3 H 6 is consumed (see figure 12 ) with repetitive pulses leading to an increased production of βHAP radicals (equations (35) , (43) and (44)). This results in increased formation of βHA radicals (equations (39) and (40)) which are the precursors to HCHO and CH 3 CHO production (equations (45)-(48)). The HCHO density decreases at higher energy depositions owing to consumption by reaction with OH (equation (36) ).
The mass fractions of soot remaining as a function of energy deposition for single and repetitive pulses are shown in figure 16 (a). At energy depositions >20 J l −1 , the NO 2 density in the gas phase for single pulses decreases because of increased NO 2 consumption by the reactions in equations (37), (59), (60) and (63). As a result, a smaller amount of soot is oxidized at higher energies. The larger NO 2 densities obtained with increasing energy deposition with repetitive pulses result in higher rates of adsorption on the soot. Consequently, more soot is oxidized. The W -values for soot removal (J µg −1 ) are shown as a function of energy deposition in figure 16(b) . Using multiples pulse in general results in more efficient soot removal due to the sustained densities of NO 2 which oxidize the soot. The W -value for soot at 30 J l −1 is about 0.3 J µg −1 for multiple pulses and 0.5 J µg −1 for single pulses. CO is an end product not only of soot oxidation (equation (58)) but also of gas phase reactions such as the electron impact dissociation of CO 2 (equation (23) [34] . (64) HCO is formed by the reactions of O with C 3 H 6 (equation (32)) and OH with HCHO (equation (36)). CO exit densities as a function of energy deposition are shown in figure 16 (c).
Increasing energy deposition leads to increased rates of CO 2 dissociation and HCO formation (due to higher O and OH production) resulting in higher CO densities. Larger densities of HCO are generated with repetitive pulses due to the larger production of OH. These larger densities also result in increased CO formation (equation (64)). Due to the variations in the composition of diesel fuel and the combustion parameters, the UHC concentration in the exhaust can fluctuate. To this end, we investigated the sensitivity of NO x removal to the inlet UHC concentration when using multiple pulses. All other conditions are the same as the base case. The removal of NO x improves with increasing C 3 H 6 , as shown in figure 17 . This trend is a result of increased nitrate and HNO x formation by the reactions in equations (37) and (59)-(63). For example, the increasing densities of HNO 2 with increasing C 3 H 6 are also shown in figure 17 . Increased production of OH and HO 2 occur with soot by increased cyclic conversion between NO and NO 2 resulting in larger rates of HNO 2 formation (equations (38) and (59)).
The effects of soot particle number density and diameter on NO x remediation were investigated. Increasing either the diameter of the soot or its number density results in increased exit densities of NO when using single pulses, as shown in figure 18(a) . The increase in NO is a result of the heterogeneous conversion of NO 2 to NO following the larger surface area of the soot. At small soot diameters and soot densities (40 nm, 10 7 cm −3 ), negligible heterogeneous conversion of NO 2 to NO occurs and so most of the NO 2 produced in the gas phase exits the reactor. At large soot diameters and soot densities (200 nm, 10 9 cm −3 ) most of Figure 17 . NO x and HNO 2 densities as a function of C 3 H 6 inlet density for multiple pulses. There is increased NO 2 to NO conversion with soot and so larger NO and HNO 3 densities result.
The interconversion between NO and NO 2 is a combined result of the heterogeneous reaction of NO 2 and the homogeneous conversion of NO by βHAP radicals. With increasing densities of UHCs, larger densities of βHAPs are generated and the rate of interconversion between NO and NO 2 increases, leading to the increased formation of HNO 2 , and larger NO x removal.
the NO 2 is converted to NO by heterogeneous reactions. Heterogeneous reactions occur on a timescale of ∼10s of milliseconds at which time most of the radicals which convert NO to NO 2 (e.g. βHAPs, HO 2 and O 3 ) have been consumed. As a result, the exit composition of NO x is primarily NO. Since the heterogeneous NO x reactions result in only the conversion of NO 2 to NO, the total NO x density remains nearly a constant, as shown in figure 18(b) . The densities of NO and NO x as a function of soot density and diameter for repetitive pulses are shown in figure 19 . The production of NO consuming radicals during each pulse (see figure 9 ) results in the gas phase conversion of NO to NO 2 . As a result the NO densities are smaller compared to using a single pulse. At either small soot densities and large diameters, or at large soot densities and small diameters, the homogeneous conversion of NO to NO 2 dominates the heterogeneous conversion of NO 2 to NO and so most of the NO x is NO 2 . However, at large soot densities and large diameters (10 9 cm −3 , 200 nm), the rates for the heterogeneous conversion of NO 2 to NO exceed the rates for the homogeneous conversion of NO to NO 2 and so the exit composition of NO x is dominantly NO. The homogeneous and heterogeneous processes involving NO and NO 2 result mainly in their interconversion and so the total NO x density almost remains unaffected. The smaller NO x density with multiple pulses is due to the increased rates of reactions of NO and NO 2 Figure 18 . NO and NO x exit densities as a function of soot density and diameter when using a single pulse: (a) NO; (b) NO x . Increasing the soot density and diameter results in a larger surface area for heterogeneous NO 2 to NO conversion leading to larger exit densities of NO. Since this process only converts NO 2 to NO, the overall NO x density remains nearly a constant. Figure 19 . NO and NO x exit densities as a function of soot density and diameter when using multiple pulses: (a) NO; (b) NO x . Due to the increased overlap in time of radical densities and the densities of NO and NO 2 , more NO x removal occurs compared to using single pulses. The interconversion between NO and NO 2 only leads to a change in the composition of NO x without appreciably altering its density.
with radicals such as CH 3 O (equations (60) and (61)), C 2 H 5 O (equation (62)), C 2 H 5 O 2 (equation (63)), OH (equations (37) and (38) ) and HO 2 (equation (59)), producing CH 3 ONO 2 , CH 3 ONO, C 2 H 5 ONO, C 2 H 5 ONO 2 , HNO 2 and HNO 3 . The increased rates are a result of the increased overlap in time of the densities of NO and NO 2 with the radical densities.
Concluding remarks
The effects of repetitive pulses and soot chemistry on the plasma remediation of NO x using DBDs were investigated. In the absence of soot, using repetitive pulses resulted in higher conversion of NO to NO 2 compared to using a single pulse case. Single pulses with soot result in an initial gas phase oxidation of NO to NO 2 , followed by a heterogeneous conversion of NO 2 to NO on the soot. Due to the larger gas phase NO 2 density using repetitive pulses, there is an increased flux of NO 2 to the soot surface, resulting in increased soot oxidation and larger rates of heterogeneous conversion of NO 2 to NO. At 30 J l −1 , using single pulses with and without soot produced about 30% NO x removal. The final NO x was primarily NO 2 (almost 100%) in the absence of soot whereas with soot the NO x was 88% NO and 12% NO 2 . When using multiple pulses, 30 J l −1 resulted in 35% NO x removal in the absence of soot and 37% with soot. The W -value for soot oxidation at 30 J l −1 improved from 0.5 J µg −1 with a single pulse to 0.3 J µg −1 with multiple pulses. The combined effects of multiple pulses and heterogeneous chemistry on NO x remediation and soot oxidation are two-fold. Improved NO x removal by the increased production of HNO 2 , HNO 3 , organic nitrates and nitrites due to the more favourable overlap in time of NO 2 and reactive radical densities; and increased soot oxidation because of larger NO 2 densities.
